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ABSTRACT  
This thesis interprets temperature measurements and the corresponding heat release 
from pressurizations of specific nanoparticles of alloys by Hydrogen and Deuterium. A 
numerical model was created using the software COMSOL Multiphysics©. From the model, the 
amount of heat release during the pressurizations has been found to be ca. 400 J. From 
available data, a comparison to the potential chemical energy release is made to determine any 
potential for unconventional heat sources. Further experimental suggestions are made to 
better estimate the value of conventional energy release. 
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Chapter 1) Introduction 
Nuclear power is one of the most energy dense sources in the world. However, in nuclear 
stations, reactions occur at very high temperatures and produce dangerous nuclear waste. They are 
a threat to living species and are not perfectly stable as it has been by several disasters such as 
Chernobyl and Fukushima among others. Low Energy Nuclear Reactions (LENR) are phenomena at 
the nuclear level which can be triggered at atmospheric or low temperature with Hydrogen or 
Deuterium, so that none of the scarcity limitations or dangerousness above exists¹. If a portable and 
commercial device is created, it could safely replace most of the other commercially used power 
sources. Dr Miley’s research team focuses on a specific experimental set up and analysis to 
determine any excess heat which may be attributed to LENR reactions. The two goals of this thesis 
were to develop a valid thermodynamic model which can explain the temperature profiles seen in 
the experiment and to look at alternative explanations for this excess heat. By understanding the 
thermodynamics and heat transfers of the reactions, a device could be created to control and 
sustain the heat output for co-generation purposes. 
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Chapter 2) Literature review 
2.1) History and current status of LENR 
“Pons and Fleischmann² were the first to claim anomalous heat generation using electrolysis [in 
1989]¹”. “An electrolytic cell consists of a liquid made conductive (…) [and] two metal electrodes 
placed in the liquid, with one made positive (anode) by an external power supply and the other 
made negative (cathode). The cathode is typically palladium and the anode is platinum, although 
other metals have been used. When current is passed from one electrode to the other through the 
liquid, chemical reactions occur on the electrode surfaces, with    formed as bubbles at the cathode 
and    gas at the anode when the electrolyte is    . Some of the deuterium reacts with a palladium 
cathode to form beta-PdD (p.10)¹”. “This work was subjected to considerable analysis and debate 
(p.11)¹”. 
The difficulty of reproduction of these experiments lead to a lot of frustration and general 
enthusiasm of the subject fell off several months after.  Furthermore, Simon³recalls the U.S. 
government decision ; “In the fall of 1989, the US Department of Energy (DOE) shut down Cold 
Fusion research programs at several national laboratories and a commission appointed to evaluate 
the state of Cold Fusion research published a report recommending against further federal 
funding.“ Governmental funding is still rare nowadays and is a brake to the normal advancements 
of a research domain.  
Nevertheless, for 24 years, scientists continued to investigate this first claim and expended the 
experiments to many other different methods to load alloys with Deuterium or Hydrogen. The field 
expanded from several different theories and experimental trials has led to increased complexity.  
Reproduction of results has been difficult due to the specific environment needed for this 
phenomenon to occur.  
The different experimental setups include electrolysis, gas loading (pressurization of gas, to 
several atmospheres, in a chamber containing alloys), gas discharges (alloys subjected to pulsed 
discharge in    gas at modest voltages), electro diffusion (ions dissolved in the material moving 
under the influence of applied voltage), sonic methods (sonic wave creating bubbles that collapse 
on the target) and others less well-known¹. The challenge in these various experiments is to 
potentially find a common theoretical explanation and rigorously demonstrate and reproduce 
excess heat production. The existing theories revolve around two main topics: detection of nuclear 
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products and generating environmental characteristics that would trigger one of these nuclear 
transformations. Convincing experimental results might lead to an explanation or verification of an 
existing theory. 
Publications on Low Energy Nuclear Reactions are abundant. Lots of them are very specific 
about a new experimental result or a new theory. As a result, tens of names have been given to the 
domain around the world. LENR has been chosen in this thesis as a clear title for an external reader. 
2.2) Gas loading 
As presented in the previous sections, there are numerous methods of investigating LENR 
reaction. Two years ago, the research project of Miley and Al.⁴’⁵’⁶ started and focused on gas 
pressurizations of Hydrogen or Deuterium into various alloys. Several experiments similar to Dr. 
Miley’s are discussed below to identify similarities and difference in this work from previous work. 
Since there is no theory which is widely agreed upon, the theoretical aspects of the reactions are 
mostly omitted. Instead, the discussion will focus more towards a scientific determination of excess 
energy.  
Michael McKubre et al.⁸ 
Mc Kubre (2000) was one of the first to pressurize Palladium alloys with Deuterium in a pure 
gas form using 50cc stainless steel vessel, the same kind of chamber as used by Dr. Miley. He 
experimented with both       gas loading and        electrolysis with the claim of having 
found a correlation between the heat and helium production measured using on-line high 
resolution mass spectrometry.  His proposed reaction to explain the results is fusion:   
    
   
    
            ,  happening in lattices.  However, there are mismatches between the theory and 
measured quantities of    
  and the results are non-reproducible. 
Yoshiaki Arata, and Zhang-Yue Chang⁹ 
More results on a similar set up were published by Arata et al. Arata is a professor in Physics at 
the University of Osaka in Japan. In a Japanese journal, he published a summary of all the previous 
papers written about his “solid fusion reactor”. This reactor is nearly the same as Miley’s 
experiments, except it uses a controlled rate of gas introduction. This setup was used to perform 
gas loading experiments using similar variations of particles composition. The measuring 
equipment is also similar. It includes an interior pressure sensor as well as interior and exterior 
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thermocouples. The progressive introduction of the gas in their chamber enabled the author to 
correlate temperature over time and pressure. An interesting claim is that the pressure in the 
vessel seems to increase only after the first thermal production pattern. They appear to have 
similar profiles of temperature (Figure 1) as Miley et al.⁴’⁵’⁶ even if the time scales are not 
comparable since Miley’s research conducts instantaneous pressurizations.  
 
              Figure 1 : Arata (2007), Fig 2 p5. 
 
Arata claims that only produce chemical heat is produced with Hydrogen and “solid fusion” 
nuclear heat is produced exclusively with Deuterium. The main arguments to this claim are that 
helium production occurs only during deuterium pressurizations and that the “Skirt-Fusion” zone 
discloses a slower general cooling of the chamber than the hydrogen pressurizations. The lack of 
explanations, sources and conditions presentations in this paper decreases the validity of the 
experiment. The reasonable thing to consider in Arata’s publications is his thermal experimental 
results. He measured significant temperature increases while the Deuterium was progressively 
introduced into the chamber and diffusing through the powder.  In our case, we observe a short 
initial temperature peak when the gas is nearly instantaneously introduced in the chamber. These 
 5 
  
 
two cases are correlated by the fact that the increase in temperature is time related to the diffusion 
of the gas into the particles. 
Akito Takahashi et al.¹⁰ 
One of the motivations of Takahashi’s research is to reproduce Arata’s results. He is a 
professor emeritus at Osaka University, Japan. His expertise fields are neutron physics and 
condensed matter nuclear science. Both he and Arata were working at the same University. The 
powder he used is specific and was produced by an external company. The issue in this publication 
is that the experimental set-up, and method of measuring excess heat and D(H)/Pd ratio of 
absorption are not discussed. Only the output power is provided (Figure 2). 
 
Figure 2: Typical “excess heat-power” evolution by D-charge for 
Pd/ZrO2 sample (D-PZ1#1run), compared with “zero-excess” 
power level by H-gas charge (H-PZ2#1 run) (p.2) 
 
The authors claim to have found significant excess heat during the first phase of the 
experiment for both gases attributing most of it to absorption. They state to have found excess heat 
during the second phase only with Deuterium loading, similar to Arata’s claims. Their output 
energy values vary as a function of the powder composition and the gas used. This data can be used 
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to propose a lot of different directions for future work in our team but is unreliable due to the lack 
of scientific methodology. 
Andrea Rossi and Sergio Focardi¹¹ 
Andrea Rossi graduated in Philosophy in Italy. His partner, Focardi, is a physicist from the 
University of Bologna. Their gas loading apparatus materials are a Nickel alloy and Hydrogen 
(Figure 3).  
 
Figure 3: E-catsite.com 2012, 1MW E-Cat Plant 2011 
The author has no published work on the process he uses. He claims that his results show 
energy far beyond the potential of chemical reactions, obtaining a ratio of output/input energy of 
400. His theory is that Ni isotopes fuse with Hydrogen to give Copper isotopes, that later decay 
naturally back to Nickel. Although the actual reaction mechanism and apparatus is not known, the 
significant claims of energy may warrant additional investigation. Although it is unclear if the 
technology is valid, Dr. Miley’s team is experimenting with Nickel to determine its feasibility.  
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Chapter 3) The project until now 
3.1) Context 
The results of Rossi¹¹ on H2/Ni pressurization reported the detection of copper along with 
important excess heat. At that time, Dr Miley¹³ was conducting experiments with thin films and 
detected additional transmutation products from the loading of Deuterium on Palladium (Slide 8). 
This team first tried to duplicate pressurization with the thin film materials that Dr Miley was using, 
but were not successful. After creating various nanoparticles, pressurization of the nanoparticles 
showed energy output. 
3.2) Equipment 
The equipment for this research involves the apparatus shown in Figures 4 and 5. They 
show a schematic representations and actual pictures of the setup. 
 
Figure 4: Schematic set up used to pressurize our nanoparticles¹³ 
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Figure 5: Experimental set up used to pressurize our nanoparticles¹³ 
With this equipment, two different sizes of stainless steel chambers have been used to pressurize 
the nanoparticles. The cylinders are shown in Figure 6 and 7, respectively. The second chamber, 
contains a type K internal thermocouple which allows for measurement of temperature inside the 
chamber. 
 
Figure 6: Simple stainless steel chamber¹³ 
 
Figure 7: On site manufactured internal thermocouple stainless steel chamber : about         
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Another device available in the building is the TPD (Figure 8). It can increase the 
temperature inside a glass chamber as a function of time, while applying a vacuum inside the 
chamber. Off-gassed molecules released by desorption are directed to a mass spectrometer. The 
temperature of desorption associated with the mass spectrometer data both reveal characteristics 
about the molecules extracted.  
 
Figure 8: TPD: Temperature Programmed Desorption 
3.3) Current work 
a) Powder preparation 
Initial alloy foil composition of 65.4% Zr and 34.6% Pd in mass is obtained by melting the 
two pure metals together. The final structure of the alloy is determined by the mixing process and 
the interactions of the two alloys when they are in the liquid phase. The alloy is received from NASA 
Ames National Lab in the form of foils.  The foils are then oxidized to make them brittle. This allows 
them to be ball milled under argon in the MRL facilities. From SEM visualization (see Appendix B) 
and a range of filters with different meshes, we have established that our particles exist in the range 
of 1 micron to 300 microns. 
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b) The process before pressurizing 
After processing the alloy, the particles are stored in our facilities, waiting to be used. 
Pressurizations experiments have so far used 2g of nanoparticles on average. Before the actual 
loading, the sample is heated up to 300°C in vacuum for several hours in order to get rid of the 
oxygen that is absorbed along with other impurities. When our usual baking time is elapsed and the 
measurements configured, the vacuum valve is closed and right after the valve of the deuterium gas 
cylinder is opened in order to create a pressure of 4 atmospheres.  The temperature measurements 
are then taken and the graphs are presented in section V. After pressurization, it has been observed 
that the measured temperatures were higher by baking at 250°C under atmosphere. The 
assumption is that we are regenerating oxide layers and recreating a more optimum active 
environment to the phenomena. Therefore this process is applied between each loading. 
c) TPD measurements 
Below is the analysis performed on particles that were pressurized in the larger reaction 
chamber. This sample was baked at 200°C overnight to release some absorbed gas before a 
temperature ramp was applied from 200°C to 750°C at a rate of 9 °C/min. 
 
Figure 9: TPD measurements of a pulsed pressurized sample¹³ 
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This reveals that Hydrogen was trapped inside the nanoparticles at two different binding 
energies. The first binding energy of    is commonly found in this range of temperature and also 
corresponds to the components of air and water vapor.  The second binding energy found for    is 
uncommon. Further work needs to be done to confirm these results and further interpret the 
results. Miley’s theory¹³ is that edge dislocations appear in a Palladium alloy letting the space for 
Deuterium-clusters. This could imply a different energy level for the clusters.  
3.4) Conceptual power unit 
During its presentation at ICCF-18, July 2013, Dr Miley¹³ presented the preliminary conceptual 
design and the vision of the future of a LENR-GEN Module going along with the developments in 
R&D and the commercialization (Figure 10). 
 
Figure 10 : Conceptual design for a future power unit based on gas loading¹³ 
This design represents a heat and electricity generator that would use a thermoelectric element for 
electric generation. Because of the low efficiency of electric generators, another use of the heat is 
thought to be made to improve it.  
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Chapter 4) Experimental results 
The graphs below disclose the measurements that have been recorded appropriately. In 
some cases, the external thermocouple detached from the wall of the chamber. Nevertheless, the 
records include tens of seconds before the pressurizations. To make the chapter consistent, the 
plots have been adjusted to disclose the first 100 seconds after the loading. 
4.1) Old chamber set up 
The most numerous experiments that have been done using this setup (Figure 6) are 
sequences of 10 runs on a sample that was never taken out of the chamber, for Pd and Ni rich 
powders respectively. The positions of the thermocouples are shown in Figure 2.  These powders 
were the ones analyzed by SIMS and SEM (Appendix B and C).  
 
Figure 11: Position of the thermocouples for the pressurizations in the old chamber setup 
Below is an example curve from the Pd rich particles pressurized 10 times (Figure 12).  Between 
each run of these sets, the particles were regenerated (see 3.3) b)). The temperature increases were 
lower with the pressurization number. It cannot be compared with the other chamber temperature 
results because of the differences in thermocouple positions, wall thickness and overall dimensions.  
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Figure 12: Room temperature pressurization in the old chamber setup with the Pd rich particles, 3/10 
Energy interpretations were really tedious and unfortunately, the unknowns were too 
numerous to reach a coherent model on COMSOL Multiphysics©. 
 
4.2) Internal thermocouple chamber 
This section presents the major results of the pressurizations in the internal thermocouple 
chamber (Figure 7), which was chosen to be modeled. 
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a. Pressurizations of Pd Rich samples with Deuterium 
 
Figure 13: Pressurization of a Palladium rich sample by Deuterium at room temperature 
 
Figure 14: Pressurization of a Palladium rich sample by Deuterium starting at 100°C 
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Figure 15: Pressurization of a Palladium rich sample by Deuterium starting at 300°C 
 
b. Pressurization of Ni Rich samples with Hydrogen 
 
Figure 16: Pressurization of a Nickel rich sample by Hydrogen at room temperature 
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Figure 17: Pressurization of a Nickel rich sample by Hydrogen starting at 150°C 
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Chapter 5)  Difficulties on heat production evaluation in the reaction chambers 
5.1) Hand-made first calculations 
As presented in Chapter 4), our measurements are limited to temperature data at specific 
locations. With more data points, it would have been possible to create a theoretical map of 
temperature at each instant. The first method employed to obtain a first evaluation of the heat 
production was to use the heat equation over the basic chamber as the system. The assumptions 
include uniformity in temperature over three different sections (Figure 18) and using an 
approximated external cooling coefficient determined by a reference cooling curve (Figure 19).  
 
Figure 18: Basic chamber representation with the thermocouple positions 
 
Figure 19: Run #34, cooling reference starting at 300°C 
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We considered the closed system being the chamber represented Figure 8 and applied the heat 
equation: 
     
  
  ̇  ∫                   
Where ̇  is the heat produced by unit of time in the system and      the local exterior surface heat 
transfer coefficient. 
We split up      in   ,    and   where the three parts are considered to be at the uniform 
temperature associated with the thermocouple (Figure 18). We neglect the heat capacity of the gas 
introduced compared with the heat capacity of the other components. 
Therefore    includes the enthalpy of the nanoparticles and one third of the chamber, whereas    
and   only include the enthalpy of parts of the stainless steel chamber. 
The overall equation is:  
∑
   
  
 
  ̇  ∑∫                
 
                 
Where   
   
  
 (                                   )
   
  
 
Using the characteristics of our apparatus along with assumptions for the powder physical 
characteristics, we applied this equation for each time interval.  
For a single experiment, the results were giving an energy output of several kJ whereas the 
temperature curves were not different from the reference cooling curves after the first 20 seconds. 
Several sources of error may be present while conducting this type of quantitative analysis, and are 
discussed below. 
5.2) Data accuracy and quantity 
Having only three measurements points only allows for a basic physical model. The suspicious 
figure of the energy output, hand-made calculated previously, made us suspect that an important 
discrepancy was present..  
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5.3) 3D phenomena 
Reading the temperature data from the two different chambers during the pressurizations, 
we observe that the heat transfer occurs in every spatial direction. This is why assuming a unique 
radial dependence on temperature field was too big of potential errors. There was a need of 
considering the thermal aspects more precisely by modelling potential temperature gradients in 
the axial direction. 
5.4) Unknowns 
The first evaluation of external heat transfer coefficients was based on a homogeneous 
cooling hypothesis.  However, due to the inconsistent insulation application, the actual cooling is 
not homogeneous and difficult to assume for these types of calculations. The heat transfers across 
the section connected to the top of the chamber are not known either.   
There are several additional thermodynamic related properties which are unknown for the 
particles. Its conductivity, porosity, permeability, heat capacity are not directly available because 
the nanoparticles are not standard and tests remain to be done to determine these values.  
All these factors form a succession of potential critical point that lead to this unrealistic 
calculated output energy figure of several kilo Joules (cf 5.1)). Although data from the internal 
thermocouple was giving additional important information regarding the temperature of the 
powder, it introduced several additional sources of error which made this analysis even more 
difficult to model and interpret. 
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Chapter 6) Comsol Multiphysics® 
6.1) Interest¹⁴ 
All the previous issues presented resulted in a different approach to interpreting the 
thermal data. The concept of reproducing the temperature measurements by creating a 3D 
numerical model and using inputs was more reliable. Both chambers were modeled by the software 
but the model for the smaller chamber was the most reliable. Indeed, its small size enables 
uniformity assumptions to be made.  
Any physics-based system can be modeled and simulated using COMSOL®.  The software 
includes a graphical user interface (GUI) and a set of predefined user interfaces with associated 
modeling tools, referred to as physics interfaces. COMSOL Multiphysics provides physics interfaces 
for electrical, mechanical, fluid flow, and chemical applications and a large library of material 
properties. Any number of modules can be seamlessly combined to handle multiphysics 
applications. 
The Heat Transfer module furnishes the user with simulation tools to study the mechanisms 
of heat transfer – conduction, convection, and radiation – with the capacity of collaboration with 
other physics. In the material properties available are included thermal conductivity, heat 
capacities, and densities. A CFD Module alloys also sophisticated fluid flow models. This module is 
complicated to be used with 3D geometries because of the meshing. The contribution of the fluid 
dynamic in the heat transfers in our set up is really negligible because the velocity fields are only 
created by thermal circulation that is located in a really small volume. Therefore, we focused on the 
Heat Transfer module alone. 
 
6.2) Working environment 
Above is a general representation of the model (Figure 16). From the material available in 
the library, the glass and hydrogen have been directly used (with a slight adaptation to transform 
the hydrogen into deuterium in term of properties). The steel available was not the 316S so some 
properties had to be changed. The particles had to be entirely designed and the properties are 
summarized in the Figure 17 below. 
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Figure 20: Creation of geometry in COMSOL Multiphysics® 
 
Figure 21: Materials created in COMSOL Multiphysics® 
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Figure 22: Physics interfaces implementation in COMSOL Multiphysics® 
 
Figure 23: Meshing choice in COMSOL Multiphysics® 
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Figure 24: Treatment of results in COMSOL Multiphysics® 
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Chapter 7) Geometrical and physical model 
7.1) Geometrical model 
 
Figure 25 : Geometrical model of the internal thermocouple chamber 
 
a. Materials 
Above is a general representation of the model (Figure 25). From the material available in 
the library, the glass and hydrogen have been directly used (with a slight adaptation to transform 
the hydrogen into deuterium in term of properties). The steel available was not the 316S so some 
properties had to be changed. The particles had to be entirely designed and the properties are 
summarized in the Figure 26 below. 
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Figure 26: Material properties of the nanoparticles 
The particles have been modeled by a porous material to ensure the reusability of the model if 
the fluid dynamics physics needs to be used later. Its density and heat capacity have been calculated 
proportionally to represent the percentage of raw alloys used. The porosity is assumed to be 0.4. 
Some automatic properties assigned to a material do not influence the simulations at all because 
they are not taken into account in the equations solved by the software, such as the ratio of specific 
heats, the dynamic viscosity or the permeability. Therefore, they have been assigned a common 
order of value. The thermal conductivity had been initially taken around 1. 
b. 3D geometry 
A 2D revolution model was not appropriate because the vertical effects would not have been 
taken into account in the model and furthermore, the hexagonal shape of the chamber does not 
alloy a 2D revolution. Therefore, it was harder to build. The geometrical components are presented 
in the Figure 27 below and the final result in Figure 15 above.  
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Figure 27: Geometrical components of the model 
7.2) Physical model 
 
Figure 28: Physical model of the internal thermocouple chamber for heat transfer physics 
The configuration used to solve the different physical equation associated in the software is 
presented above in Figure 21. Absolute pressure in the porous media has been taken the same as 
the absolute pressure of the gas inside the chamber. The adiabatic boundary and the dependence 
over the exterior heat flux are assumptions that will be justified from the calibration section.  
 
 
Heat transfer in 
porous media 
Heat transfer in 
Fluids 
Heat transfer in 
solids 
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Chapter 8) Calibration 
The approach to calibrate the physical and geometrical model was to use the thermal 
measurements from a non-reactive chamber during a cooling process. We calibrated the model so 
that its thermal aspects reflect the ones of our experimental set up.  
8.1) Experimental reference 
We had to match three thermocouple measurements presented in Figure 29. 
 
Figure 29: Data points for the temperature measurements during the cooling reference 
The curves have been plotted considering the larger of the two internal temperature values during 
this experiment. See IX 3) b) for explanation. 
 
Figure 30 : Cooling reference, starting at 300°C with insulation 
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8.2) Unknowns 
The two critical characteristics of the chamber that are important to be determined are the 
general external heat losses and the conductivity of the particles.  
The first is essential for the software to reproduce properly the overall thermal effects and then 
be used to obtain the heat output.  The general expression of the external heat losses on an 
elementary surface during a small time interval is represented by : 
                          
Where   is the heat loss in joules,            the heat transfer coefficient in W/(m^2*K),  
                             
Figure 31: Modelling of the insulation around the chamber 
           has to reflect the effect of the insulation over the losses and enable the correspondence 
between the measurements and the simulation. 
The second one is the conductivity of the particles. It could not be determined from the cooling 
simulation because the different measurements show a radial independence. A value around 2 
W/(mK) was taken for the calibration, as explained in VIII 3) a). 
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8.3) Assumptions guided by the simulations 
a) Modelling of the heat transfers on the top 
 
Figure 32: Illustration of the top heat transfers 
It was first assumed that conduction was happening on the top because of the connection to 
a cooler section of pipe. However, the simulations were showing inverse tendency of temperatures 
in the apparatus, in the sense that the connection was getting cooler than the chamber’s walls 
during the simulation instead of the contrary.  Therefore, it was chosen to assume the connection as 
adiabatic because it was not coherent to model an external source of heat from the top. This 
hypothesis can be supported by the fact that the heating coil around the chamber goes further to 
the top and then the connection is the location of a temperature gradient neither initially nor later.   
b) Dealing with the discrepancy between the two internal temperature data 
 
Figure 33: Internal thermocouple measurements location 
The manufacturing of this chamber was craft made, therefore no precise information is 
available on the actual location of the two thermocouples inside the stainless steel. The issue is that 
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even if the general tendencies of the two are always the same, at some instants, up to a 5°C 
difference can occur.  
It was first assumed that the central temperature was the mean of the two measurements. 
Since in this hypothesis, the initial internal temperature was initially lower than the outside 
temperature, it created a radial temperature gradient toward the center in the first seconds of the 
simulation and then initially increased the internal temperature.  
                  
Figure 34: Comparison of the experimental data and the simulation with the hypothesis suggested 
 
However, this has never been measured experimentally as shown in Figure 34 as an 
example. The conductivity of the nanoparticles does not intervene in this reasoning. Consequently, 
it leaded to the conclusion that the temperature was supposedly initially radially uniform.  
Thus, the measurements from the thermocouple showing the highest initial temperature 
were the most trustful. Still, its value is initially lower than the external temperature. The following 
measurements errors can be considered:  
(1) The external thermocouples do not exactly reflect the wall temperature because they might 
be influenced by the heating coil and then display a wall temperature higher than the actual 
one. 
(2) The error of measurements of this particular thermocouple can also explain the discrepancy 
It was then decided to give the software initial uniform conditions so that during the first seconds 
the temperatures decreases everywhere. The initial value taken is the external value. 
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8.4) Coherent cooling model 
It is hard to understand exactly what the thermal flows are inside the piping. In order to 
represent the top thermocouple temperature tendency, I had to lessen the cooling coefficient 
around it. It slows down its cooling, making its average temperature coherent with the experiments. 
The important point is to be sure that this won’t misrepresent the thermal flows in the center of the 
chamber where the interesting phenomenon is occurring. 
The heat losses on the external walls are expressed by : 
                            
The first assumption was to consider:                     
Lots of different variations have been tried but in any case, or the cooling speeds were not 
corresponding or the temperature axial gradients. 
The second assumption has been to split the profile into two different values h1 and h2 as 
represented in Figure 35. 
 
Figure 35: Separation of two different external cooling conditions on the external walls 
This did not solve the discrepancies between the cooling speeds during certain range of 
temperatures. It leaded to discussion about the role of the insulation and how it behaves. It is 
supposed to keep heat but has clearly issues to do so at high temperature since the cooling is fast. 
However, the experiments show that for the whole apparatus to reach the room temperature it 
needs time. 
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Consequently, it has been chosen to give the external cooling coefficient a temperature 
dependence that would model the insulation as it keeps the heat better below a certain 
temperature (Figure 36).  It had to be done differently for the top piping and the chamber for the 
same reasons as explained above. Three degree polynomials were chosen in the first place as a 
graphical representation of the dependence. The analysis of the correspondences made coherent to 
consider       and       as constants below a certain temperature.  
 
Figure 36 : Final dependence of the external heat transfer coefficients 
Figure 37 below shows the final profiles that were established which show a  good match between 
the reference cooling and the simulation. 
 
Figure 37: Final profiles of the external heat transfer coefficients 
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In conclusion, the dependence of temperature makes sense to model the insulation. What is non 
intuitive is the difference found between two different sections of the insulated zone. The model is 
working to reproduce the thermal effects of the actual setup, but should not be used for other 
purposes.   
8.5) Final correspondence 
The model presented above was finalized when there was a good match between the 
simulations and the cooling experimental reference. The maximum quadratic error on a 10000 
seconds simulation for the three locations (see Figure 29) is 3.3%. Figures 38, 39 and 40 are the 
final curves for visual comparison and also contain the quadratic errors. 
 
Figure 38: 3.33% of quadratic error for the Internal thermocouple 
 
Figure 39: 2.2% of quadratic error for the external thermocouple 
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Figure 40: 2.84% of quadratic error for the top thermocouple 
 
8.6) Difficulties 
Setting up the model resulted in some issues of configuration within the modeling software. The 
3D geometry does not accept any meshing in the interior corners for coupling Heat transfer physics 
and Free and porous media flow. While looking for a solution, we have neglected the Free and 
porous media module. For the purpose of this thesis, it stays consistent because the fluid dynamics 
are assumed to be far less influential on the temperature field and energy transfer compared to the 
heat transfer phenomena. Indeed, the time scale of the transition phase for the establishment of the 
high pressure is less than one second when the energy production time scale of our experiments is 
of the order of one minute. 
The insulation also proved to be a challenge in modeling. It is necessary for keeping the user 
safe and holding the external thermocouples, and also provides a lower heat transfer coefficient. 
However, the insulation is difficult to apply consistently which can affect the heat transfer. 
Moreover, what happens as a thermal transfer at the top is also unknown because different 
hypothesized conditions can lead to a better matching of the profiles. 
To summarize, the phenomena which were difficult to model were: 
 The initial internal temperature distribution 
 The heat transfer process in the top of the chamber 
 The effect of the insulation 
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8.7) Conclusion 
As seen in the previous sections, the calibration’s simulation has shown that our thermal 
insulation has an uncommon effect on the heat losses of the chamber. The resulting model is a 
trustful tool for analyzing the thermal aspects of the chamber during the pressurizations. The 
simulation had on purpose to calibrate the software for the external thermal effects at every 
temperature below 300°C. Therefore this model is configured for all the pressurizations that 
start below 300°C . 
As an observation, when the external cooling coefficient dependencies were modified to 
reach the correspondence, the temperature profile were the same in the first 15 seconds. It is 
an evidence for assuming that physically, the first 15 seconds in our runs with the internal 
thermocouple chamber can be approximated as adiabatic. 
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Chapter 9)  Pressurization simulations 
9.1) Unknowns/Parameters 
The goal of this section is to try to determine some parameters, constants and outputs with the best 
accuracy possible, including: 
 The conductivity of the powder 
 The location of the heat source 
 The power produced by the pressurization as a function of time 
These three items are given as inputs for the calculations of the software and progressively 
modified and adapted regarding the actual experiment. In particular, the shape of the power 
production has been assumed similar to the temperature profiles, which lead to good 
correspondences between the simulation and the reference cooling curves. 
9.2) Experimental measurements 
This thesis has mainly focused on reproducing the Pd rich experiments in the internal 
thermocouple chamber. Reproducing the old chamber results has been tried. Its larger size means 
that the uniformity hypothesis as a function of the z axis was not applicable. Therefore the 
calibration is more difficult. The experimental results analyzed in the following subsections are 
presented in Figures 13 & 14  in 4)2)a. 
The main criterion to respect was reproducing the temperature peak while having the same 
internal/external temperature ratio at the highest temperature values (Figure 41). It was also 
important to check that the cooling part of the measurements also matched. 
 
Figure 41: Key criteria of correspondence for validation 
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9.3) Hypothesis and assumptions 
a. Power profile influence 
The initial assumption was to select a heat production profile that tapered off after the first 15 
seconds. We then assumed that the heat was produced during a short period. 
The Figures below show the influence of the profile and how it led to assume a more than 60s heat 
production. For these experiments, the conductivity was much higher than the final value and the 
heat source was localized in the center on the surface (Figure 9). The reference experiment was 
Run #31. 
 
Figure 42: Location of the power source localized on a restrained zone on the surface of the powder 
 
Figure 43: (Figure 13) Visual reference for the reference experiment 
The Figure 13 is disclosed again to help the visualization of the influence of the heat 
production time dependence over the response and its relevance. 
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Figure 44: Temperature response for a 15s power production in the chamber 
 
 
Figure 45: Temperature response for a 60s power production in the chamber 
The Figures 44 and 45 compare two kinds of power production profiles through the 
response in temperature. It is obvious that for obtaining a temperature simulation as smooth as the 
experiment, the power profile had to be smooth too. Indeed, the Figure 11 shows that if the input 
power is stopped after 15s, then the chamber cools down far more quickly than in the actual 
experiment. To conclude, we found that there is a strong peak power at the beginning of each 
experiment which then slowly tapers off and eventually ceases. 
b. Location of the heat source 
It has been remarked that a uniform power production is not coherent for the runs starting at 
100°C and 300°C. As an illustration, there is no external temperature increase for the 300°C 
pressurization (Figure 15). Specifically, we have explained in the previous chapter that the first 15s 
could be considered adiabatic, which means that initially the heating of the external walls is 
prevailing over the cooling. In the first place, assuming a uniform power production (Figure 46) 
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showed a significant increases of the wall temperature in the simulation (Figure 47, λ = 2W/(mK)). 
Therefore, we changed the radial profile and the zone of power production to best approach the 
measurements. 
 
Figure 46: Zone of the power production associated with Figure 14 
 
Figure 47: Simulation of Run #33 with a uniform power production 
It appeared that several configurations of the three parameters (radial power profile, 
conductivity and location of the source) were appropriate for achieving a good correspondence for 
the room temperature pressurization. However some specific assumptions had to be considered for 
the two other starting temperatures that are analyzed. 
 
Heat transfer in 
porous media 
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c. Conductivity 
The value of conductivity used for these simulations was          It was chosen low because 
of the properties of powders that are different from the initial alloy. Depending on the location of 
the heat source considered, the final value found varies but has been found close to the this value. 
9.4) Heat production Results  
For reproducing the experiments, the focus was on heat production localized at the surface 
level. Indeed, in both assumptions of chemical heat source and a potential uncommon heat source, 
both would mainly come from a reaction zone close to the surface because of the contact with the 
gas. Some claim from empirical observations that the flow of hydrogen molecules through the 
particle lattices would be the cause of uncommon heat production. Therefore the closer to the 
separation surface, the stronger the potential flow is and makes it coherent to start with this 
assumption. Two different locations of the internal temperature values have been considered since 
we do not have this information (Figure 48). 
 
Figure 48: Positions of the data points considered in the simulations 
There was no need to consider two external thermal values in the simulations because the 
theoretical problem is symmetrical so the resulting graphs would be two exact copies. 
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a. Simulations for the room temperature pressurization 
In this section, two different sets of inputs that obtained a good correspondence are presented.  
i. Uniform surface power production 
This section presents the final simulation that was successful assuming the energy 
produced was evenly spread over a thin layer at the surface of the particles. This layer was this time 
set as 0.23 mm thickness. Figure 49 and 50 summarize the inputs used in the software to calculate 
the resulting profiles below. 
 
Figure 49: Inputs for the good correspondence using a uniform surface power production 
 
Figure 50: Input power as a function of time for Run #31 reproduction: P function 
Figure 51 shows the result. The quadratic error on the internal off-centered values is 13.6 % over 
3000s and 4.7% over the first 100s. The quadratic error with respect to the External face 2 values is 
7.17% over 3000 s, 3.1% over the first 100s.  
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Figure 51: Final correspondence for Run #31 with a uniform surface power production 
 
ii. Radial dependence on power production 
This section presents the final simulation that was successful assuming the energy 
produced was lower closer to the walls. For this, a function R was created to simulate this effect 
throughout the energy productive layer (Figure 52).  This layer is 0.23 mm thick.  
 
Figure 52: Proportionality coefficient R used to simulate the lower energy production next to the walls 
A proportionality coefficient had to be applied to change the power production P(t) (W)  overall 
(slightly higher than Figure 50). The power input was: 
        ∭                   
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The energy produced was      ∬             
       
    
   
    
      , where r1 is the radius at the 
exterior of the internal thermocouple protection, r2 the radius of the internal wall of the chamber. 
Figure 53 summarizes the inputs used in the software to calculate the resulting profiles. 
 
Figure 53: Inputs for the good correspondence using a radial dependence on power production 
 
Figure 54 shows the result obtained by the simulation. The quadratic error on the Internal off-
centered values is 12.8% over 3000s, 4.7% over the first 100s. The quadratic error with respect to 
the External face 2 values is 5.3% over 3000 s, 2.7% over the first 100s. 
 
Figure 54: Final correspondence for Run #31 with radial dependence on power production 
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iii. Conclusion 
Since the total energy produced in both of the cases above are nearly the same, it indicates that 
the power in the whole volume of the particles can be assumed as the same. However, the radial 
profile cannot be determined. Therefore, the room temperature pressurization did not give any clue 
regarding the radial dependence in energy production.  
The combined influence of all the parameters would impose to do parametric studies in order 
to reach the best result possible. The quadratic error are acceptable but can be surely reduced. This 
is a potential future work if the research team still relies on COMSOL for interpretation in the 
future. 
b. Simulations  for the pressurization at 100°C 
This section will reveal that the radial influence on the power production for this pressurization 
was key to reach a good result. The external over internal extreme temperature values was the 
targeted criterion. 
i. Uniform surface power production 
In the assumption of a uniform surface layer of energy production, it has been tried to reach 
the criterion with the same conductivity found for Run#31 of 1.9 W/(mK).  Below (Figure 55) 
shows what was the closest result by keeping the internal temperature value the same at the peak. 
The external temperature appears to be 30°C higher than the measurements. 
         
Figure 55: Correspondence for Run #32 with a uniform surface power production and a conductivity of 1.9 W/(mK) 
The power input applied is represented in the following graph (Figure 56). 
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Figure 56: Input power as a function of time for Run #32 reproduction for λ=1.9 W/(mK): Ptot function 
The possible reasons of this major error were:  
 A wrong conductivity assumption 
 A wrong assumption on the location of the source 
Therefore, the conductivity was decreased while keeping the same internal peak temperature 
value.  This value was conserved by changing the power input. 
Below (Figure 57) shows what was the result with a conductivity 190 times lower, λ=0.01W/(mK). 
The external temperature is still higher than the measurements of 10°C.  
         
Figure 57: Correspondence for Run #32 with a uniform surface power production and a conductivity of 0.01 W/(mK) 
At that point, decreasing the conductivity even more did not lead to a closer external temperature. 
Besides, the conductivity taken was not realistic compared to the powder’s conductivity in general 
and the value considered in Run#31 simulations. 
The power input that was applied is represented in the following graph (Figure 58) and appeared 
to be very small. 
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Figure 58: Input power as a function of time for Run #32 reproduction for λ=0.01 W/(mK): Ptot function 
To conclude, the conductivity was not the wrong assumption at the beginning. According to these 
results, investigating the distribution of the heat source was necessary. 
ii. Radial dependence on power production 
The conductivity value was reset at 1.9 W/(mK) and the distribution of the heat source was 
modified in order to reproduce the internal and external temperatures difference. Similarly to 
10)4)a., a linear profile was tried for the radial dependence but without satisfaction. An exponential 
dependence was chosen in order to lessen the power production close to the walls even more. The 
final profile is represented in Figure 59 below. 
 
Figure 59: Proportionality coefficient R used to simulate the lower energy production next to the walls 
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Below (Figure 60) shows the corresponding simulation that succeeded by decreasing the external 
temperature peak to 120°C. The quadratic error is 2.4% over 3000s on the Internal off-centered 
values and 1.9% with respect to the External face values. 
 
Figure 60: Final correspondence for Run #32 with radial dependence on power production 
The total power produced in the layer had to be calculated in the following way: 
        ∭                   
               ∫   
  
   
∫  ∫        
    
    
             ∫   
           
    
    
 
Where    = 0.000233m is the thickness of the productive surface layer, r1=0.0015m is the radius at 
the exterior of the internal thermocouple protection, r2=0.00625m the radius of the internal wall of 
the chamber. 
               
           
Using the data available for the power density, the resulting total power is plotted below (Figure 
61). The total energy released in this case is then 303J. 
 
Figure 61: Input power as a function of time for Run #32 reproduction for λ=1.9 W/(mK):      function 
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iii. Conclusion 
Contrary to the room temperature pressurization, this one clearly indicates that the energy 
could not have been evenly produced in the powder. Again, the combined influence of all the 
parameters suggest doing parametric studies in order to reach the best result possible. Indeed, in 
this case the conductivity has been fixed to 1.9 W/(mK).     
c. Influence of the thickness of the energy productive layer 
The thickness of the energy production zone was changed to see its influence on the final 
energy results. After doing so (Figure 62), the power production density was changed by a 
proportionality factor to reach a good match between the simulation and the experimental results. 
This modification has been tried on Run #32. 
 
Figure 62: Change of the energy productive layer thickness 
This modification lead to a similar total peak in power and a similar value for the total energy 
produced. This adds to the conclusion of the simulation performed for Run#31. Indeed, the key 
factors to reproduce the thermal measurements are the conductivity and the power as a function of 
time. The location of the source plays a minor role compared to the total energy produced in in the 
vessel. 
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d. Simulations of hypothetic situations 
In order to obtain a first estimation of the thermal effects from a continuous power production, 
two situations have been tried. 
i. Conservation of the power extreme with time 
The power input has been configured as follows in Figure 63. The extreme value 
corresponds to the maximum power produced resulting from the simulations of Run #31, 
presented above.  
 
Figure 63: Conservation of the power extreme with time: Input in the simulation 
The initial conditions for this simulation are the same as the initial conditions for Run#31 in all 
cases. The temperature response has been found unstable and goes toward infinity (Figure 64).  
 
Figure 64: Temperature response to the input conditions using the model calibrated 
This means that the theoretical model resulting from the calibration does not allow enough 
surface heat transfer at high temperature toward the exterior to reach equilibrium with the power 
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source. Looking back at the calibration, the model had not been configured for temperatures higher 
than 300°C equivalent to 573.15°K (Figure 65).  
 
Figure 65: External heat transfer coefficient as a function of temperature resulting from the calibration 
We actually do not know what the heat transfers aspects of the apparatus are above 300°C at all. A 
possible assumption could be to extend the slope visible in Figure 65 up to 1000°C for example and 
see if equilibrium is reached. This assumption makes sense but is still random and cannot be 
considered rigorous.  
ii. Conservation of the temperature extreme with time  
The goal of this inquiry was to find what equilibrium power source was needed to conserve 
the temperature peak value of the room temperature experiment. The Figure 66 below shows that 
0.7W of energy produced in a surface layer in the powder lead to a temperature equilibrium for the 
internal thermocouple temperature of 91°C. 
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Figure 66: Equilibrium for a 91°C internal constant temperature: Power imput and response 
Keeping a temperature around 100°C in the powder with less than 1W might be a good promising 
possibility but it corresponds to a heat production in a volume of         m³. There are no 
arguments for extrapolating at a reactor scale yet. 
9.5) Validation criteria  
The quantitative validation criterion that has been used is the relative quadratic error over 
thousands of seconds between the experiments and their reproduction on the software. The curves 
presented in this thesis are not the most optimized and could have been matching the experiments 
better with parametric studies. Though, the errors can be considered really good for the first 100s 
and acceptable for the comparison of the overall time scale (cf 10)4)). 
The overall credibility of the study is based on:  
 The credibility of the software: its potential goes far beyond the use for this thesis. 
 The work performed to calibrate the heat transfers coefficients before simulating the 
experiments. 
Therefore, it can be claimed that a good order of value for the total energy production has been 
established. 
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Chapter 10) Interpretations 
10.1)      Location of the heat source 
A specific set of simulations (10)4)c)has shown that the depth of the reactive zone was not a 
barrier for reaching a good correspondence and that it was not changing the overall heat produced. 
As it could have been predicted, since the thermal values available are at the same altitude there is 
no way to determine some information about the depth distribution of the released energy.  
The simulation of Run #31 has shown than the radial distribution of the heat source was not 
influencing the success of the reproduction while it was actually an important factor for Run#32. 
Since this the distribution can depend on the experiment by itself, it definitive conclusions cannot 
be drawn. Indeed, the external position of the insulation, the position of the powder in the chamber 
and the state of the particles themselves are several conditions that may not be common to all the 
experiments. If a common feature was wanted, it would be that the heat production is lessen close 
to the walls since that was a possibility for Run #31 and a certainty for Run #32. 
10.2) Temperature field 
From the 3D representations of the internal temperature field at the peak temperature 
(Figure 67), it is visible that the highest temperature in the particles is actually not the internal 
value but higher by more than 20°C. Indeed, the maximum value recorded by the internal 
thermocouple was 91°C for Run #31.  
 
Figure 67: 3D temperature field at the temperature peak for Run #31: Uniform surface production (10)4)a.) 
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This information could not have been deduced without the software. It is actually important 
to know that the particles were such a temperature for potential future co-generation purposes. 
10.3) Thermal conductivity 
The reproduction of Run#31 has circled the conductivity value around 2W/(mK). Run#32 
simulation showed that this value enables the correspondence too. Therefore, the value 2W/(mK) 
(or 1.9W/(mK)) can be considered with some certainty for future research but further investigation 
is needed to obtain a precise determination. 
10.4) LENR vs Chemical energy production  
COMSOL Multiphysics has enabled the team to obtain an order of value of the energy 
produced in the internal thermocouple chamber. The two values found are 401J and 303J for 
Run#31 and Run#32 respectively. Annexe A has investigated several potential chemical reactions 
that could occur in the chamber and given the theoretical energy released by each of them 
assuming the worst case scenarios when some information was missing.  The chemisorption of PdO 
by Deuterium is the exothermic reaction that could release a lot of energy. The oxygen content of 
our particles before pressurizing has not be determined at that stage. Measures of the mass of the 
powder before and after baking at 250°C along with further analysis are being considered. 
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Chapter 11) Conclusion      
The development of a thermodynamic model to explain the temperature profiles of this 
LENR reactor was one of the main goals of this thesis. An approximate value of the conductivity of 
the particles has been found, along with the indication that the maximum temperature reached 
during the experiment is actually higher than the internal thermocouple value. The energy 
produced by the two simulated pressurizations was found to be around 400J when the starting 
temperature of the chamber is 25°C and around 300J when it was 100°C. Investigation of possible 
alternative explanations for this excess heat was explored and is currently leading the team toward 
designing experiments to determine the oxygen content of the sample before pressurization.   
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Chapter 12) Future work 
In order to improve the COMSOL Multiphysics© model and results, different modifications are 
possible: 
 Including the fluid dynamic physics for the    
 Performing parametric studies to reach better correspondences 
 Using a different approach for the calibration  
 Interpreting the experiments with the Nickel rich powder as well 
In order to emphasize and potentially modify the chemical calculations in this paper, additional 
information is needed: 
 Oxygen content of the particles before pressurization 
 Information can be obtained by simple weight difference before and after 
baking, by chemical analysis or by spectroscopy techniques. 
 Molecular structure of the alloy  
 Imagery techniques can lead to observations at the atomic level and give 
information on the homogeneity of the alloy‘s structure. 
 Investigating if other chemical reactions or thermodynamic effects could have been 
neglected 
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Appendix A : Chemical energy production calculations 
This appendix presents the calculations performed to evaluate the maximum chemical heat 
release that can happen in the chamber during the pressurizations. The raw foils that are ordered 
are supposed to be homogeneous alloys. In the whole section, the alloy is supposed to be 
heterogeneous so that isolated sections of Palladium or Zirconium can exist and metal hydride 
theory can be used to evaluate energy release. Further experiments will be suggested to obtain the 
information in the conclusion. Since the general goal of these calculations is to compare the 
potential chemical energy release to our experimental results, we will try to obtain the worst case 
possible. 
a. Combustion reaction between the remaining oxygen and the deuterium. 
In order to calculate the potential combustion heat release, we assume that the limiting reactant 
is the Oxygen, remaining from the non-perfect vacuum in the chamber before pressurizing. The 
Water phase diagram¹⁵ was used to determine the state of the theoretical water produced in the 
three pressurizations of Palladium with Deuterium in the internal thermocouple chamber.  
 
Table 1: Calculations of the potential energy released by the combustion of Hydrogen with Oxygen in our experiments¹⁹’²⁰ 
Run #31 Run#32 Run #33
Pressure of the vaccum (torr) 3,50E-06 2,12E-04 1,32E-04
Pressure of the vaccum (Pa) 4,67E-04 0,03 0,02
Volume chamber (m³) 3,73128E-06 3,73128E-06 3,73128E-06
Heating & pressurization temperature (°C) 23,6 100 300
Heating & pressurization temperature (°K) 296,75 373,15 573,15
Air remaining in the chamber (moles) 7,06E-13 3,61E-11 1,57E-11
O2 remaining in the chamber (moles) 1,63E-13 8,33E-12 3,62E-12
Pressure of the run (psi) 62,5 59,6 56,3
Pressure of the run (Pa) 430922,33 410927,5 388174,8
Water state for these conditions liquid liquid vapor
Enthalpie of formation  of water 1 atm, 298K 
(kJ/mol)
-285,8 -285,8 -241,8
Enthalpie of formation of water 1 atm at the 
pressurization temperature (kJ/mol)
-285,3905625 -310,4153825 -331,9253825
Maximum energy produced by chemical 
formation of water at 1 atm in our chamber (J)
-9,31E-08 -5,17E-06 -2,40E-06
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Table 2: Thermodynamic constants used in the calculations¹⁹’²⁰ 
The Tables 1 &2 above show the calculations performed to obtain the potential energy released 
by combustion in our set up along with the constants used on the pressure of one atmosphere. The 
sign convention is that the energy released by the chemical system is negative. The dependence on 
pressure of the enthalpies of formation is assumed negligible in our range. As a result, we see that 
the order of value of the potential heat release by combustion is completely negligible comparing to 
our actual heat release of hundreds of Joules in every experiment. Therefore, we can get completely 
neglect this energy in our calculations for determining if there is excess heat relatively to the 
chemical phenomena.  
b. Thermodynamic energy brought by the pressurization. 
The pressurization is bringing energy to the system because of the thermodynamic of opened 
system. The opened system we will consider in this case is the chamber, whose volume available for 
gas is V1, represented by the yellow dotted line in Figure 68 below. 
Cp(H2(g)) 29,3 J*mol/K
Cp(O2(g)) 25,5 J*mol/K
Cp(H2O(g)) 30,1 J*mol/K
Cp(H2O(l)) -285,5 J*mol/K
Lvap(H2O) 44 kJ/mol
Perfect gas constant : R 8,3144621 I.U.
Constants
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Figure 68: Representation of the gas volume 
The equation of energy for opened system applied for a constant volume is:   
                         ̇     
 
 
  
          ̇     
 
 
  
       
                  
We consider the conditions uniform at the opening of the chamber:  
  ̇ /  ̇  Mass flow rate of the matter leaving/entering the system 
  /   Enthalpy per unit mass of the matter leaving/entering the system 
  /   Velocity of the matter leaving/entering the system 
  /   Altitude of the openings where the matter leaves/enters the system 
  Heat exchanged with the system 
       Shaft work given to the system 
 
There is no shaft work or thermal energy exchanges during the process.  
There is no exit of matter in this configuration. We do not consider altitude effects between the 
initial and final states.  As we consider extreme states in equilibrium there are no kinetic effects to 
consider. 
The simplified equation is therefore:  
    
  
   ̇      at each time instant. 
This equation needs to me transformed so we can use our experimental data. 
       ̇      
        
where   is the enthalpy of the hydrogen in the chamber after pressurization. 
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The data in Table 3 are necessary for the numerical application and then the energy brought by the 
pressurization is : 
           
 
Table 3: Conditions and data 
c. Presence of Zirconia (    ) and Zirconium oxide (ZrO). 
XRD work was carried out in part in the Frederick Seitz Materials Research Laboratory Central 
Facilities, University of Illinois. Any opinions, findings, and conclusions or recommendations expressed 
in this publication are those of the author(s) and do not necessarily reflect the views of the FSMRL. 
X-ray Diffraction (XRD) with SIEMENS/BRUKER-5000 has been performed on the powder to 
determine the nature of the natural Zirconium oxide layer in the Pd rich sample. The results 
presented in the Figure 69 below show the presence of      and some Zirconium oxide (ZrO). No 
exact quantitative interpretation is possible from these data. However Zirconia is one of the natural 
forms of Zirconium in nature so it is relevant to assume that most of the oxidation is due to     . 
What we exactly know is that the Zirconium is in no way entirely pure in the alloy.  
Pressure of hydrogen 100 psi
Pressure of hydrogen 689475,7 Pa
Perfect gas constant : R 8,3144621 I,U,
Cp(H2(g)) 29,3 J*mol/K
V1 3,73128E-06 m³
Data 
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Figure 69 : XRD measurements of unused Pd rich particles at the MRL 
Kondo¹⁶ investigated the formation of Hydrides from Hydrogen ZrO2 interactions. His paper 
presents his the observation of the phenomenon. This interaction can release energy. However, this 
paper does not give quantitative data. Therefore, the actual creation of energy from the ZrO2 needs 
further investigation to ensure if it is or not contributing and at which scale. 
 
d. Absorption of Deuterium by Palladium 
The calculations are based on the publication of Ted Flanagan in the Journal of physical 
chemistry²².  Even if our particles are alloys, we assume some heterogeneous parts so that bulks of 
pure Pd can be considered and then the data from this paper adapted to our case. We have chosen 
to use the value of the energy release from electrolysis of Deuterium on Palladium given by 8379 
calories released per mole of Deuterium announced as the average calorimetric value. It is given in 
the range of 0°C to 48°C and then can be applicable to our room temperature runs. We do not have 
any information about our actual ratio of D/Pd. Therefore, the energy release will be calculated by 
assuming that the powder is entirely composed of Pd-Zr02 and that the absorption ratio is 1. The 
other pressurizations are at higher temperature but since the gas introduced is actually at room 
temperature beforehand even if the powder is not, it reduces the error.  
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i) Calculations of the number of moles of Palladium assuming the composition 
of the powder being Pd-Zr02 
As presented in c. the dominant oxide for Zr is ZrO2. Assuming an exclusive Pd-Zr02 
composition gives a high mass of Pd in the sample and then optimizes the potential energy release 
from absorption. 
The percentages of Pd-Zr in mass in the raw materials were respectively 34,6%-65.4%. 
Before introduction in the chamber, the sample of powder was 2.0143g. The calculations in table 4 
below explain how to obtain the number of moles of Palladium with this information. 
 
 
Table 4: Composition of the powder 
 
ii) Largest potential energy released by absorption of Deuterium 
Table 5 below presents how the potential energy released was obtained. 
 
Table 5: Energy calculation for Deuterium absorption 
Under the hypothesis of Pd-ZrO2 composition in the 2.0143g of powder, it is found that about 200J 
can be released. This hypothesis is wrong because it is not possible that Pd is not oxidized at all and 
the XRD measurements have shown others Zr molecules based. However, this figure is the highest 
possible assuming the predominance of absorption by Pd in the sample. 
 
Mass per mole Mass of 1 molecule/atom Perçentage of atoms in the powder
Pd 106,42 1,77E-22 34,6 (%)
ZrO2 122,42 2,04612E-22 65,4 (%)
Mass given by the presence of a Pd atom 5,63466E-22 g
Number of Pd-ZrO2 in the sample 3,57E+21 atoms
Pd-ZrO2 in the sample 0,005936159 moles
Energy of aborption per mole of Deuterium 35057,736 J
Ratio D/Pd 1
Energy released by abosrption in the sample 208,108293 J
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e. Absorption of Deuterium by Zirconium 
As previously proved from the XRD measurements, the Zirconium is nearly entirely oxidized in 
our sample. We have to still consider the possibility of the presence of pure Zirconium inside the 
alloy for rigorousness. The pure Zirconium absorbs Deuterium and release energy. An evaluation of 
the maximum energy that could be released from a Zr based alloy per gram of alloy has been 
presented at ICCF-18 (Miley, 2013 Slide 46). This value is 0.18kJ. It means that with 0% oxidation 
an order of value of the energy that would be released by the 2.013g sample is around 360J.  
Assuming an exaggerated 1% remaining of pure Zr in the sample would mean that our sample 
could produce around 4J of energy. This contribution is therefore negligible. 
f. Dissociative adsorption of Deuterium with PdO 
According to Hikanogu⁸¹, the kinetics of the chemisorption of PdO and Deuterium is slower 
than Hydrogen. However, the kinetics are not important to consider here, only the final energy 
released.  
We cannot evaluate the depth of the oxidation layer of the particles. Indeed, they might be small 
enough so that the hypothetic zones of pure palladium alloy are oxidized entirely. Therefore the 
worst assumption is to assume a whole oxidation. The composition of the powder considered in 
this case is PdO-ZrO2.  
From calculations similar to d.i., we obtained the composition of the powder (Table 6):  
 
Table 6: Composition in elements of the hypothetic situation 
Two reactions will be considered successively in this section: the chemisorption of PdO with 
deuterium (1) and then the absorption of Deuterium by the remaining pure Pd atoms (2). 
(1)               
Elements Mass per mole (g)
Mass of 1 
molecule/atom (g)
Percentage in initial 
mass in the alloy Pd-Zr 
(%)
Percentages 
in atoms in 
the alloy (%)
PdO 122,42 2,03E-22 31,2                
ZrO2 123,22 2,05E-22 68,8                
Pd 106,40 1,77E-22 34,6 31,2                
Zr 91,22 1,51E-22 65,4 68,8                
Composition
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We are using the relation given by ¹. 
                                                            
The Hess law is used to obtain the enthalpy of reaction for (1) 
                                
Knowing that           =             
 
Table 7: Calculation of two framing values for the standard enthalpy of chemisorption 
Table 7 above summarizes the intermediate values calculated to obtain the standard enthalpies for 
this reaction. 
Table 8 below frames the potential energy released by each run. 
Run #31 Run#32 Run #33
Volume chamber (m³) 3,73E-06 3,73E-06 3,73E-06
Pressurization temperature (°C) 23,6 100 300
Pressurization temperature (°K) 296,75 373,15 573,15
-1356,20 -1491,64 -1523,09
+ -1756,20 -1891,64 -1923,09
- -956,20 -1091,64 -1123,09
-5674,33 -6241,02 -6372,63
+ -7347,93 -7914,62 -8046,23
- -4000,73 -4567,42 -4699,03
Pressure of the run (psi) 62,5 59,6 56,3
Pressure of the run (Pa) 430922,33 410927,5 388174,8
Water state for these conditions liquid liquid vapor
 Standard enthalpy of H2O at 1 atm, 
298K (kJ/mol)
-285,83 -285,83 -241,826
Enthalpy of formation of water 1 atm at 
the pressurization temperature 
(kJ/mol)
-285,87 -283,44 -233,07
 Standard enthalpy of this reaction at 1 
atm at the pressurization temperature 
(kJ/mol) (worst case scenario)
-281,87 -278,87 -228,37
 Standard enthalpy of this reaction at 1 
atm at the pressurization temperature 
(kJ/mol) (best case scenario)
-278,52 -275,52 -225,03
        cal / mole
        joules / mole
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Table 8: Framing values of the potential energy released by chemisorption in our sample 
This potential goes far beyond the energy produced in our chamber. 
(2)          
If we assume that after the chemisorption, absorption of deuterium occurs, the same calculations as 
e.  lead to 183.87J of energy released. In conclusion, the potential energy released by this process 
(1)+(2) is around 1.62 kJ. 
g. Uncertainties 
Future work is required to deepen the possible needs of adaptations of these heat production 
values with temperature and pressure. Indeed, some of them assume that the conditions are a 25°C 
temperature and an atmospheric pressure. 
 
 
 
 
 
 
 
 
 
 
 
Run #31 Run#32 Run #33
Maximum energy produced by 
chemisorption at 1 atm in our chamber (kJ) 
(Worst case scenario)
-1,44 -1,43 -1,17
Maximum energy produced by 
chemisorption at 1 atm in our chamber (kJ) 
(Best case scenario)
-1,42 -1,41 -1,15
 67 
  
 
Appendix B : Composition analysis of the nanoparticles with Secondary Ion mass 
spectrometry  
SEM work was carried out in part in the Frederick Seitz Materials Research Laboratory Central 
Facilities, University of Illinois. Any opinions, findings, and conclusions or recommendations expressed 
in this publication are those of the author(s) and do not necessarily reflect the views of the FSMRL. 
a. SIMS presentation  
“SIMS was performed using the PHI TRIFT III at the Frederick Seitz Materials Research 
Laboratory. The SIMS principle is described in Figure 70. SIMS samples are prepared by placing 
particles on carbon tape. Atoms and molecules are then ionized and extracted from the tape via an 
electric field. A detector evaluates the mass of each extracted ion.  Although SIMS can detect a wide 
range of elements with varying atomic, it is sometimes difficult to distinguish two different 
molecules closer than 0.01% in mass. “⁶ 
 
Figure 70 : SIMS technique Block diagram for surface analysis²¹ 
b. Results and interpretations 
“SIMS analysis of the particles before and after pressurization indicates the presence of several 
elements and/or molecules which are not otherwise expected. For example, Figure 71 shows the 
mass spectra of two samples: one of an unused powder and the other from “the sample pressurized 
multiple times described in 4.1). “The presence of an element at 39.961 amu (calcium) indicates 
general contamination by environmental elements. The presence of sodium has also been detected 
in some samples. “⁶ 
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Figure 71 : Detection of 40Ca by SIMS :  39.96259  ± 0.001 amu 
“Stainless steel contamination has also been observed in several samples, pressurized or not 
(Figure 72). The ball melting production process of the nanoparticles, as well as the loadings, are 
both potential contamination sources.”⁶ 
 
Figure 72: Detection of 56Fe by SIMS 
“Prior to the pressurization process, it is vital to reduce or eliminate oxygen. Heat output 
due to chemical heat generation between hydrogen/deuterium and oxygen is not favorable. Before 
pressurization, the nanoparticles are usually heated under vacuum for 24 hours to drive off excess 
oxygen contained within the nanoparticles and/or reaction chamber. We do not have the means to 
perform a TOF-SIMS analysis without exposing the samples to air. And unfortunately, the ZrO has 
the same atomic mass as Palladium, therefore we cannot obtain any information regarding the 
oxide layer from the current experimental apparatus.”⁶ 
 
 
 
 
 
Hydrocarbons 
Calcium 
contamination 
Hydrocarbonas 
Iron 
contamination 
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Appendix C: Analysis of the surface characteristics of the nanoparticles with SEM 
SEM work was carried out in part in the Frederick Seitz Materials Research Laboratory Central 
Facilities, University of Illinois. Any opinions, findings, and conclusions or recommendations expressed 
in this publication are those of the author(s) and do not necessarily reflect the views of the FSMRL. 
a. SEM presentation 
“The secondary Electron spectrometers Hitachi S4700 and JEOL 6060LV are possessed by 
the Material Research Laboratory at the University of Illinois at Urbana-Champaign. It employs an 
electron beam that triggers production of secondary and backscattered electrons analyzed to 
examine the surface characteristics. SEM images of our nanoparticles have been taken to obtain 
information on how their surface evolves during the pressurizations.”⁶ 
 
 
 
 
 
 
 
 
b. Results from Hitachi S4700 on the Pd-Zr Nanoparticles pressurized by Deuterium  [x] 
 “The preparation method implies that the largest particles are typically excluded from 
analysis. While particles larger than 500 µm in diameter were observed during mechanical filtering, 
the largest particles studied by SEM were typically less than 50 µm in diameter. Figure 73 shows a 
typical large, roughly spherical particle before pressurization. A typical midsized particle with a 
cracked, non-spherical appearance imaged is visible after pressurization. Cracks were observed 
more frequently after pressurization.”⁶ 
Hitachi S4700 SEM at the Frederick Seitz Materials 
Research Laboratory (FSMRL), University of Illinois. 
Source: mrl.illinois.edu 
 JEOL 6060LV SEM at the Frederick Seitz Materials 
Research Laboratory (FSMRL), University of 
Illinois. Source: mrl.illinois.edu 
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Figure 73: Comparison of the larger particles aspects before and after pressurization 
 
“Particles before pressurization had regions of both smooth and rough surfaces. A smooth 
surface observed before pressurization is shown in Figure 74. No completely smooth surfaces were 
seen after pressurization. The smooth surfaces before pressurization may have experienced crystal 
growth during the pressurization process, to form the nodules on the surface. A summary of the 
changes observed as a result of the pressurization process is shown in Table 9.”⁶ 
 
Figure 74: Comparison of the average surface aspects before and after pressurizations 
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Table 9: Summary of changes seen using SEM as a result of the pressurization process 
 
Characteristics Change following loading
Particle shape Less spherical
General appearance Development of cracks
Surface roughness Crystal growth on smooth surface
